Introduction {#Sec1}
============

Recombinant human teriparatide (rhPTH \[1--34\]), produced in *E. coli*, is the 1--34 N-terminal active fragment of endogenous 84-amino acid human parathyroid hormone (PTH). Teriparatide exerts the same physiological actions on bone and kidney as PTH, including the elevation of serum calcium levels through indirect stimulation of bone resorption by enhancing the production of receptor activator of NF-κB ligand (RANKL) and inhibiting the expression of osteoprotegerin, promoting the re-absorption of calcium and excretion of phosphate from the renal tubule, and promoting 1,25-dihydroxyvitamin D production, which indirectly increases calcium absorption from the intestine \[[@CR1]--[@CR4]\].

Effects of teriparatide on the skeleton differ depending on the pattern of systemic exposure: intermittent administration of teriparatide promotes bone formation, increases bone mineral density (BMD), and restores bone microarchitecture, resulting in fracture prevention, whereas continuous exposure to teriparatide promotes bone resorption over bone formation and results in a reduction in bone mass \[[@CR3], [@CR5]\]. Taking advantage of the bone formation effect resulting from intermittent administration, 20 μg once-daily injection of teriparatide has been approved for the treatment of osteoporosis in the USA, EU, and Japan, among other countries. Although multiple studies have demonstrated that teriparatide can increase BMD and prevent vertebral and non-vertebral fragility fractures \[[@CR6]--[@CR9]\], its high cost as a biological medicinal product places a heavy burden on individual patients and on the healthcare systems.

A biosimilar is a biological medicine with high similarity to another biological medicine already approved by a Stringent Regulatory Authority (a so-called 'reference medicine') \[[@CR10], [@CR11]\]. Regulatory guidelines in the EU, USA, and Japan require similarity in terms of quality characteristics, biological activity, safety, and efficacy to be demonstrated between the biosimilar and the reference medicine in a comprehensive comparability exercise \[[@CR12]--[@CR14]\]. Given their relatively low price compared with reference medicinal products, biosimilars represent a more affordable but equally efficacious and safe treatment option for patients and healthcare systems, thus increasing patients' access to treatment.

RGB-10, manufactured by Gedeon Richter Plc., has been developed as a biosimilar to reference teriparatide, and its active ingredient has an amino acid sequence identical to that of teriparatide. RGB-10 also shows a high level of similarity to teriparatide with respect to quality characteristics, pharmacological effects, and toxicities (data on file). Furthermore, a comparative pharmacokinetic (PK) study sponsored by Gedeon Richter Plc. and conducted in healthy female volunteers in the United Kingdom (NCT02223416) demonstrated equivalence in terms of PK characteristics following administration of a single dose of RGB-10 or the reference teriparatide \[[@CR15]\]. Based on these results, RGB-10 was approved by the European Medicines Agency (EMA) in 2017 \[[@CR16]\] for the same indications as those stated in the EU label for reference teriparatide.

The objectives of the current phase 3 study were to evaluate equivalence in efficacy and compare safety between RGB-10 and reference teriparatide in patients with osteoporosis at high risk of fracture.

Methods {#Sec2}
=======

Study design and treatment {#Sec3}
--------------------------

A multicenter, randomized, active comparator-controlled, rater-blinded, parallel-group phase 3 study (JapicCTI-163208) was conducted at 34 sites in Japan. After a screening period of 2 weeks, patients were randomly assigned 1:1 to receive either RGB-10 (manufactured by Gedeon Richter Plc, Debrecen, Hungary) or reference teriparatide (Forteo®; Eli Lilly Japan K.K., Kobe, Japan) 20 μg once daily via subcutaneous self-injection for a treatment period of 52 weeks, followed by a follow-up period of 2 weeks. A multi-dose pen injector (ServoPen Fix®; Ypsomed AG, Burgdorf, Switzerland) was used for injection of RGB-10. This device has the same injection procedure as that of reference teriparatide and was confirmed to have a similar dose accuracy. All patients received daily oral supplementation of 610 mg calcium and 400 IU vitamin D as basal treatment throughout the screening and treatment period. Concomitant use of medication that can affect bone metabolism or cause secondary osteoporosis, such as bisphosphonates and systemic corticosteroids, was prohibited.

Patients {#Sec4}
--------

Postmenopausal women and men (aged ≥ 55 years) who were ambulatory with sufficient physical and cognitive ability for self-injection were eligible for this study if they met any of the following criteria:

BMD at lumbar spine (L2--L4) \< 80% of young adult mean (YAM; mean BMD in healthy Japanese women aged 20--44 years) \[[@CR17]\] (T-score \< − 1.7) with at least 1 vertebral fragility fracture; BMD at lumbar spine (L2--L4) \< 70% of YAM (T-score \< − 2.6) and aged ≥ 65 years; or BMD at lumbar spine (L2--L4) \< 65% of YAM (T-score \< − 3.0). Exclusion criteria included suspected secondary osteoporosis; metabolic bone disease or disease causing a decrease in bone volume other than osteoporosis; previous or concurrent renal/urinary calculus or malignant tumor; previous radiation therapy to the skeleton; high alkaline phosphatase of unknown cause; abnormalities in laboratory test parameters including estimated glomerular filtration rate, corrected serum calcium, or intact PTH; or any condition that could affect the assessment of lumbar spine or femoral BMD by dual-energy x-ray absorptiometry (DXA). Patients were also excluded from the study if they had received medication affecting bone metabolism including bisphosphonate within the 22-week period prior to screening, plus the duration equal to its dosing interval (e.g., 22 weeks + 7 days for weekly bisphosphonate); calcitonin, ipriflavone, sex hormone preparations, anabolic hormone preparations, vitamin K, selective estrogen receptor modulators, or eldecalcitol within 6 weeks; alfacalcidol or calcitriol within 2 weeks; or denosumab or PTH preparation at any time prior to the start of the screening period.

Randomization and blinding {#Sec5}
--------------------------

After screening, patients who met all eligibility criteria were randomly assigned to either the RGB-10 or reference teriparatide group in a 1:1 ratio within randomization factors by a central registration system using a dynamic allocation method. The randomization factors were lumbar spine (L2--L4) BMD at screening (\< 65%, \< 70%, or \< 80% of YAM) and presence of prior treatment with bisphosphonates. The number of patients allocated to each treatment group was also balanced within each study site.

As the injection devices for RGB-10 and reference teriparatide differed in appearance, this study was performed in a rater-blinded manner. Raters such as investigators and radiographers for the measurement of BMD or the evaluation of fractures were therefore blinded. To maintain rater-blinding, especially among investigators, all procedures associated with the handling of investigational products at study sites were conducted by unblinded site staff, and patients were instructed not to disclose any information to raters that could identify the treatment group to which they were allocated.

Efficacy endpoints and measurement {#Sec6}
----------------------------------

The primary efficacy endpoint was the percent change from baseline to 52 weeks in lumbar spine (L2--L4) BMD. Secondary efficacy endpoints included percent change from baseline to 52 weeks in BMD at lumbar spine (L1--L4), total hip, and femoral neck; percent change from baseline to 52 weeks in the serum bone formation marker procollagen type I amino-terminal propeptide (P1NP); and incidence of fractures.

BMD at lumbar spine, total hip, and femoral neck were measured at the start of the screening period and again at baseline, week 12, week 24, and week 52/discontinuation by DXA using the Explorer, Discovery, or Horizon systems (Hologic Inc., Marlborough, MA, USA). BMD measurements were analyzed centrally (Bioclinica Inc., Princeton, NJ, USA) in a blinded manner. To maintain densitometry stability during the study, longitudinal quality control was performed using a quality control phantom at each study site. In addition, to ensure consistency across study sites, BMD data at each site were corrected as necessary based on the measurements of a standard spine phantom.

Serum P1NP was measured at the start of the screening period and again at baseline, week 4, week 12, week 24, and week 52/discontinuation using an electrochemiluminescence immunoassay (Modular Analytics E; Roche Diagnostics K.K., Tokyo, Japan). All samples were centrally analyzed (LSI Medience Corp., Tokyo, Japan).

The incidence of vertebral fractures was assessed using a semi-quantitative method by both the central assessment facility (Bioclinica Inc., Princeton, NJ, USA) and the study investigators. Assessments were based on radiographs obtained at the start of the screening period and at week 24 and week 52/discontinuation. Investigators also assessed the incidence of non-vertebral fractures based on radiographs obtained when a fracture was suspected. In the assessment by investigators, the cause of vertebral and non-vertebral fractures (fragility fracture or traumatic fracture) was evaluated.

Safety endpoints and measurements {#Sec7}
---------------------------------

Safety endpoints were the incidence of adverse events (AEs) in the treatment period and follow-up period; abnormalities in laboratory test parameters, electrocardiograms (ECG), vital signs, and weight; and immunogenicity. AEs were coded using the Medical Dictionary for Regulatory Activities (MedDRA, version 20.1). Samples for laboratory testing, vital signs, and weight were collected at screening, baseline, week 4, week 12, week 24, and week 52/discontinuation. ECG was performed at screening, week 24, and week 52/discontinuation. For the evaluation of immunogenicity, anti-teriparatide antibodies and neutralizing activities were analyzed in serum samples collected at baseline and week 52/discontinuation. Anti-teriparatide antibodies were detected with a validated electrochemiluminescent immunoassay using the Meso Scale Discovery platform (Meso Scale Diagnostics, LLC., Rockville, MD, USA) and biotinylated RGB-10 and SULFO-TAG-labeled RGB-10. A validated cell-based assay (CatchPoint cyclic-AMP fluorescent assay kit; Molecular Devices Japan K.K., Tokyo, Japan) was used to measure neutralizing activities. Assessments for neutralizing activities were conducted only in samples positive for anti-teriparatide antibodies. Samples for laboratory testing and immunogenicity analysis were centrally analyzed at the same facility as for P1NP (LSI Medience Corp., Tokyo, Japan).

Statistical analyses {#Sec8}
--------------------

The equivalence margin of the primary efficacy endpoint, percent change from baseline to 52 weeks in lumbar spine (L2--L4) BMD, was predetermined as ± 2.8%, the most conservative range based on an expected effect size and minimum clinically significant change: the effect size, the mean difference between the primary efficacy endpoint in the active group and the placebo group, was estimated as 9.78% from the results of a previous phase 3 study of reference teriparatide in Japan \[[@CR7]\]. The minimum clinically significant change, the least significant change in lumbar spine BMD by DXA, was estimated to be 2.8--5.6%, given the coefficient of variation of DXA measurement for lumbar spine BMD of 1--2% \[[@CR18]\] and a confidence level of 95%.

A sample size of 236 randomized patients (118 patients per group) was calculated as follows to ensure sufficient power to demonstrate equivalence for the primary efficacy endpoint between the groups as well as to assure 100 subjects with safety data for 52 weeks: a sample size of 194 patients (97 patients per group) was estimated to demonstrate equivalence between the groups for the primary efficacy endpoint with two one-sided tests at an alpha level of 2.5% and 90% statistical power. It was assumed that the between-group difference was 0.0% and that the common standard deviation (SD) across the treatment groups was 5.36% based on the results of the previous phase 3 study of reference teriparatide in Japan \[[@CR7]\]; a sample size of 236 patients (118 patients per group) was estimated to assure 100 subjects with safety data for 52 weeks, where the dropout rate was assumed to be 15% based on the previous phase 3 study \[[@CR7]\].

The primary analysis set for efficacy analysis was the full analysis set (FAS), and the supplementary analysis set for efficacy analysis was the per protocol set (PPS). Safety endpoints were analyzed in the safety analysis set (SS). Detailed criteria for the FAS, PPS, and SS are provided in Online Resource [1](#MOESM1){ref-type="media"}.

Analysis of covariance (ANCOVA) was performed on the percent change in BMD and P1NP using corresponding baseline value and previous treatment with bisphosphonate as covariates. The point estimate of the difference in least squares mean (LS mean) between the groups as well as its two-sided 95% CI was calculated.

The last observation carried forward method (LOCF) was used for imputation of missing data for the efficacy endpoint. No imputation was performed on the safety endpoint.

All analyses were performed using SAS version 9.2 (SAS Institute Inc., Cary, NC, USA).

Results {#Sec9}
=======

A total of 369 patients were screened, of which 250 were randomized to either RGB-10 or reference teriparatide treatment groups (*n* = 125 in each group). A total of 219 patients completed the 52-week treatment period. The most common reason for discontinuation in both groups was occurrence of AEs (RGB-10, *n* = 15; reference teriparatide, *n* = 11) (Fig. [1](#Fig1){ref-type="fig"}). The FAS included all 250 patients, and 32 of these patients were excluded from the PPS. No patients were excluded from the SS. The baseline demographics and characteristics of patients were balanced between the groups (Table [1](#Tab1){ref-type="table"}); 96.4% (*n* = 241) of the randomized patients were female and the mean patient age (± SD) was 70.4 ± 6.4 years. Lumbar spine (L2--L4) BMD at baseline (mean ± SD) was 0.6275 ± 0.0752 g/cm^2^. The percentage of patients with prior treatment with bisphosphonates was 4.4% (*n* = 11). Oral minodronate, risedronate, alendronate, and intravenous ibandronate were reported as prior treatment with bisphosphonates. All randomized patients were of Asian ethnicity.Fig. 1Patient disposition. BMD, bone mineral density; FAS, full analysis set; PPS, per protocol setTable 1Baseline patient demographics and characteristics (full analysis set)VariableRGB-10 (*n* = 125)Reference teriparatide (*n* = 125^a^)Overall (*n* = 250^b^)Age, years70.5 ± 6.070.3 ± 6.870.4 ± 6.4Female, *n* (%)121 (96.8)120 (96.0)241 (96.4)Height, cm151.13 ± 6.75151.74 ± 6.33151.43 ± 6.53Weight, kg48.42 ± 7.5649.16 ± 7.9048.79 ± 7.72BMI, kg/m^2^21.23 ± 3.2421.35 ± 3.1521.29 ± 3.19Years after menopause, years20.0 ± 7.319.1 ± 8.419.5 ± 7.8Prior osteoporosis treatment, *n* (%)31 (24.8)34 (27.2)65 (26.0)Prior osteoporosis treatment with bisphosphonates, *n* (%)6 (4.8)5 (4.0)11 (4.4)Prevalent vertebral fractures^c^  0, *n* (%)77 (61.6)88 (70.4)165 (66.0)  1, *n* (%)37 (29.6)29 (23.2)66 (26.4)  ≥ 2, *n* (%)11 (8.8)8 (6.4)19 (7.6)Lumbar spine (L2--L4) BMD, g/cm^2^0.6276 ± 0.07580.6273 ± 0.07480.6275 ± 0.0752Percent YAM in lumbar spine (L2--L4) BMD  \< 65%, *n* (%)74 (59.2)82 (65.6)156 (62.4)  ≥ 65--\< 70%, *n* (%)39 (31.2)30 (24.0)69 (27.6)  ≥ 70%, *n* (%)12 (9.6)13 (10.4)25 (10.0)Lumbar spine (L1--L4) BMD, g/cm^2^0.6175 ± 0.07220.6172 ± 0.06930.6174 ± 0.0706Femoral neck BMD, g/cm^2^0.5035 ± 0.07540.5041 ± 0.07460.5038 ± 0.0748Total hip BMD, g/cm^2^0.6177 ± 0.08760.6157 ± 0.09320.6167 ± 0.0903Serum P1NP, μg/L54.90 ± 20.1055.93 ± 19.2255.41 ± 19.6325-OH-vitamin D2, ng/mL4.00 ± 0.004.03 ± 0.294.02 ± 0.2025-OH-vitamin D3, ng/mL20.61 ± 7.1819.99 ± 6.0220.30 ± 6.62Data for continuous variables are expressed as mean ± SD^a^*n* = 124 for serum P1NP^b^*n* = 249 for serum P1NP^c^Assessed by the central assessment facility*BMD* bone mineral density, *BMI* body mass index, *P1NP* procollagen type I amino-terminal propeptide, *YAM* young adult mean

Efficacy {#Sec10}
--------

### BMD {#Sec11}

The percent change from baseline to 52 weeks in lumbar spine (L2--L4) BMD (mean ± SD), the primary efficacy endpoint, was 8.94% ± 6.19% in the RGB-10 group and 9.65% ± 6.22% in the reference teriparatide group (Table [2](#Tab2){ref-type="table"}). The estimated between-group difference (LS mean) was − 0.65% (95% CI: − 2.17% to 0.87%). As the two-sided 95% CI of the between-group difference was within the pre-specified equivalence margin (± 2.8%), equivalence in efficacy between the two groups was demonstrated. A similar result was found in the PPS (− 0.31% \[95% CI: − 1.80% to 1.18%\]). The mean percent change from baseline in lumbar spine (L2--L4) BMD longitudinally increased for both RGB-10 and reference teriparatide through the treatment period, and percent change from baseline was similar at all time points between the two groups (Fig. [2a](#Fig2){ref-type="fig"}).Table 2Percent change and between-group difference from baseline to 52 weeks in BMD and serum P1NPPercent change from baseline to 52 weeks (mean ± SD)Estimated between-group difference (LS mean \[95% CI\])^a^RGB-10 (BMD, *n* = 121; P1NP, *n* = 123)Reference teriparatide (BMD, *n* = 124; P1NP, *n* = 123)BMD  Lumbar spine (L2--L4)8.94 ± 6.199.65 ± 6.22− 0.65 (− 2.17 to 0.87)  Lumbar spine (L1--L4)9.04 ± 6.159.66 ± 6.13− 0.56 (− 2.05 to 0.93)  Femoral neck1.48 ± 4.361.40 ± 4.540.10 (− 0.98 to 1.19)  Total hip1.31 ± 3.711.51 ± 3.96− 0.12 (− 1.01 to 0.77)Serum P1NP269.75 ± 258.35230.84 ± 267.2935.06 (− 28.01 to 98.13)^a^Adjusted by baseline value and prior treatment with bisphosphonates*BMD* bone mineral density, *CI* confidence interval, *LS mean* least squares mean, *P1NP* procollagen type I amino-terminal propeptideFig. 2Percent change from baseline to 52 weeks in BMD at **a** lumbar spine (L2--L4), **b** lumbar spine (L1--L4), **c** femoral neck, and **d** total hip, and in **e** serum P1NP. Values are means, and error bars indicate standard deviation. BMD, bone mineral density; P1NP, procollagen type I amino-terminal propeptide

Changes in BMD at other skeletal sites were also similar between the groups (Fig. [2b--d](#Fig2){ref-type="fig"}). The percent change from baseline to 52 weeks in BMD at lumbar spine (L1--L4), femoral neck, and total hip (mean ± SD) were as follows: 9.04% ± 6.15% in the RGB-10 group and 9.66% ± 6.13% in the reference teriparatide group for lumbar spine (L1--L4); 1.48% ± 4.36% in the RGB-10 group and 1.40% ± 4.54% in the reference teriparatide group for femoral neck; and 1.31% ± 3.71% in the RGB-10 group and 1.51% ± 3.96% in the reference teriparatide group for total hip (Table [2](#Tab2){ref-type="table"}).

### Bone formation marker (P1NP) {#Sec12}

Overall, the change in serum P1NP was similar between the groups, and a rapid increase in P1NP level following treatment was observed in both groups (Fig. [2e](#Fig2){ref-type="fig"}). The percent change from baseline to 52 weeks in serum P1NP (mean ± SD) was 269.75% ± 258.35% in the RGB-10 group and 230.84% ± 267.29% in the reference teriparatide group. The estimated between-group difference (LS mean) was 35.06% (95% CI: − 28.01% to 98.13%) (Table [2](#Tab2){ref-type="table"}).

### Fractures {#Sec13}

A summary of the incidence of vertebral and non-vertebral fractures evaluated by the central assessment facility and the investigator is presented in Online Resource [2](#MOESM2){ref-type="media"}. Overall, the incidence of vertebral and non-vertebral fractures was numerically similar between the groups. The incidence of new vertebral fractures by central assessment was 0.9% (1/117 patients) in the RGB-10 group and 0.8% (1/124) in the reference teriparatide group. No worsening of vertebral fractures was identified by central assessment.

The incidence of non-vertebral fractures was 2.4% (3/125) in the RGB-10 group and 1.6% (2/125) in the reference teriparatide group; fragility fractures were reported for 0.9% (1/125) of patients in the RGB-10 group and 1.6% (2/125) in the reference teriparatide group.

Safety {#Sec14}
------

There were no major differences between the treatment groups in the incidence of AEs, serious AEs (SAEs), or AEs leading to study discontinuation (Table [3](#Tab3){ref-type="table"}). A total of 85.6% (*n* = 107) of patients in each treatment group experienced one or more AEs, most of which were mild or moderate in severity. No AEs leading to death were reported. SAEs were reported in 2.4% (*n* = 3) and 4.8% (*n* = 6) of patients in the RGB-10 group and the reference teriparatide group, respectively. No SAEs were considered related to the investigational drug. AEs leading to study discontinuation were reported in 12.0% (*n* = 15) and 8.8% (*n* = 11) of patients receiving RGB-10 and reference teriparatide, respectively (Online Resource [3](#MOESM3){ref-type="media"}).Table 3Adverse events and immunogenicityEventsRGB-10 (*n* = 125)Reference teriparatide (*n* = 125)PatientsIncidence (%)PatientsIncidence (%)All AEs10785.610785.6All AEs related to investigational drug5947.25745.6SAEs32.464.8  Deaths00.000.0AEs leading to study discontinuation1512.0118.8AEs reported in \> 5% patients in either group  Nasopharyngitis3225.63628.8  Injection site erythema1310.497.2  Nausea1310.497.2  Injection site bruising129.643.2  Blood uric acid increased97.2129.6  Headache97.2118.8  Constipation86.4108.0  Contusion86.475.6  Arthralgia86.464.8  Abdominal discomfort86.454.0  Blood alkaline phosphatase increased75.697.2  Back pain75.654.0Immunogenicity  Anti-teriparatide antibodies ^a^00.010.8  Neutralizing activities ^a^00.000.0  Anti-teriparatide antibodies ^b^00.021.6  Neutralizing activities ^b^00.000.0AEs reported in the treatment period and follow-up period were collected^a^Patients newly positive for anti-teriparatide antibodies after the first administration of the investigational drug^b^Patients positive for anti-teriparatide antibodies at least once in the study*AE* adverse event, *SAE* serious adverse event

The most frequently reported AEs were nasopharyngitis (25.6%, *n* = 32), injection site erythema (10.4%, *n* = 13), and nausea (10.4%, *n* = 13) in the RGB-10 group, and nasopharyngitis (28.8%, *n* = 36), blood uric acid increased (9.6%, *n* = 12), and headache (8.8%, *n* = 11) in the reference teriparatide group. The incidences of frequently reported AEs (\> 2%; Online Resource [4](#MOESM4){ref-type="media"}) were comparable between the treatment groups. The incidence of injection site bruising was numerically higher in the RGB-10 group (9.6%, *n* = 12) compared with the reference teriparatide group (3.2%, *n* = 4).

The incidence of hypercalcaemia was 0.8% (*n* = 1) in the RGB-10 group and 0.0% in the reference teriparatide group. The highest value of serum calcium concentration in a patient who developed hypercalcaemia was 11.3 mg/dL, which was above the upper limit of the normal range (10.4 mg/dL). Following temporary discontinuation of basal treatment, this patient had recovered from the event by approximately 2.5 months after onset. No cases of osteosarcoma or nonuremic calciphylaxis, which can potentially be induced by teriparatide treatment, were reported.

Regarding laboratory test parameters, ECG, vital signs, and body weight, there were no apparent differences between the two groups in terms of the degree of change or the incidence and severity of abnormalities. Furthermore, no clinically significant changes in these parameters were observed.

The incidence of newly developed anti-teriparatide antibodies after the administration of investigational drug was 0.0% in the RGB-10 group and 0.8% (*n* = 1) in the reference teriparatide group (Table [3](#Tab3){ref-type="table"}). In the reference teriparatide group, one patient was additionally already positive for anti-teriparatide antibodies at baseline and continued to show positivity after administration of the investigational drug. In both patients positive for anti-teriparatide antibodies, no neutralizing activity was detected, no AEs with a potential relationship to anti-teriparatide antibody production (such as hypoparathyroidism, hypocalcemia, hyperphosphatemia, anaphylactic shock, or drug eruption) were reported, and no decrease in efficacy was observed.

Discussion {#Sec15}
==========

This phase 3 study evaluated the similarity in efficacy and safety of RGB-10 and reference teriparatide administered to patients with osteoporosis at high risk of fracture for 52 weeks.

Although biosimilars to teriparatide, including RGB-10, have previously been reported in highly regulated regions \[[@CR15], [@CR19]\], to the best of our knowledge, this is the first phase 3 study of a biosimilar teriparatide with the primary objective of demonstrating therapeutic equivalence in terms of BMD assessed at 12 months. RGB-10 is the first biosimilar teriparatide to have been granted marketing authorization in the EU, and the first biosimilar to have been approved along the principles of the specifically tailored approach. In line with pertinent EMA guidelines, given the simple molecular structure and the well-established mechanism of action of teriparatide as well as the robust quality and non-clinical comparability data for RGB-10 and the European reference product, a comparative PK/PD study in healthy volunteers was considered sufficient for granting marketing authorization. A phase 3 study of another biosimilar teriparatide conducted in the USA evaluated the immunogenicity of the biosimilar and the reference formulations of teriparatide as its primary objective.

In the present study, equivalence in efficacy between RGB-10 and reference teriparatide was established: the between-group difference of the primary efficacy endpoint of percent change from baseline to 52 weeks in lumbar spine (L2--L4) BMD was − 0.65%, and its two-sided 95% CI (− 2.17% to 0.87%) was within the pre-specified equivalence margin of ± 2.8%. Furthermore, the percent change from baseline to 52 weeks in lumbar spine (L2--L4) (RGB-10, 8.94%; reference teriparatide, 9.65%) was similar to that reported in a phase 3 study of reference teriparatide in Japan (reference teriparatide, 9.82%) that we used as a reference in planning the design of this study and that had a similar patient population to that of our study \[[@CR7]\].

In patients who completed 52 weeks of treatment with RGB-10 or teriparatide, the percent changes in lumbar spine (L2--L4) BMD from baseline to 52 weeks were 9.97 ± 5.82% and 10.46 ± 5.90%, respectively, which were similar to that in the reference phase 3 study (10.04 ± 5.23%) \[[@CR7]\]. These changes in patients who completed the study were numerically larger than the results of the primary efficacy endpoint, where missing data were imputed with LOCF, suggesting that completion of 52 weeks of treatment was an important determining factor of the effect of teriparatide on BMD. Considering the low long-term adherence and persistence of teriparatide treatment, a general feature of osteoporosis medications \[[@CR20]\], these results support the previously reported importance of intervention aimed at maintaining patient adherence and persistence to teriparatide \[[@CR21]--[@CR24]\].

Lumbar spine BMD was measured primarily from L2 to L4 in the present study, as in the reference phase 3 study \[[@CR7]\]. The trend in lumbar spine (L1--L4) BMD change in this study was similar to that of lumbar spine (L2--L4). In addition, the two-sided 95% CI of between-group difference in the percent change to 52 weeks in lumbar spine (L1--L4) BMD (− 2.05% to 0.93%) was also within ± 2.8%. These results strongly support the equivalence in efficacy between the two groups. The results for other efficacy endpoints (BMD change in femoral neck and total hip, serum P1NP change, and fracture incidence) were also similar between the two groups, which further supported the comparable efficacy of RGB-10 to reference teriparatide.

The safety profiles of RGB-10 and reference teriparatide were comparable. No clinically significant differences were observed between RGB-10 and reference teriparatide in terms of the type, incidence, severity, and seriousness of AEs. The incidence of AEs leading to study discontinuation was numerically higher in the RGB-10 group than in the reference teriparatide group. However, this higher incidence was considered to be of no clinical significance because the majority of AEs leading to study discontinuation in the RGB-10 group were events observed with the use of reference teriparatide in clinical trials and post-marketing exposure (Online Resource [3](#MOESM3){ref-type="media"}) \[[@CR1]\]; there was no high incidence of any AEs leading to study discontinuation in the RGB-10 group; and most of the AEs leading to study discontinuation were mild to moderate in severity. The numerically higher incidence of injection site bruising in the RGB-10 group was considered to be an accidental finding because the severity, outcome, and onset time of injection site bruising were similar between the groups; the formulation of RGB-10 is the same as that of reference teriparatide; and the irritant potential of both drugs was considered to be similar based on findings in a repeat-dose toxicity study in rats (data on file). The difference in injection device was unlikely to have contributed to the higher incidence of injection site bruising in the RGB-10 group because both devices were comparable in terms of injection procedure and dose accuracy, and the same type of needle was used for both groups.

Regarding immunogenicity, the incidence of anti-teriparatide antibodies was comparably low, with antibodies detected in no patients in the RGB-10 group and in two patients in the reference teriparatide group, none of which tested positive for neutralizing activity. This finding was consistent with that of a previously reported study on reference teriparatide, where 2.8% of the patients receiving 20 μg daily teriparatide were positive for anti-teriparatide antibodies \[[@CR1], [@CR6]\], although the duration of the treatment in our study slightly differed from that described in the previous report (up to 52 weeks vs 18 months \[mean\]). Consequently, the immunogenic potential of RGB-10 was considered not to exceed that of the reference teriparatide

Although this study was conducted in a rater-blinded manner, patients were also largely unaware of their own assigned treatment group. To minimize potential bias, the name of the injection device was masked, and although patients knew that the injection devices for the two investigational drugs differed in appearance, they were not informed of their treatment group. Moreover, the blinding status of patients was considered unlikely to affect the efficacy data because BMD is an objective value, and raters, including the central assessment facility, remained blinded. This was also applicable to the safety data as the investigators involved in safety assessments were blinded. We therefore consider that any potential bias caused by the unblinding of patients was sufficiently minimized so as not to have substantially affected the efficacy and safety data in the present study.

A strength of the present study is that the patient population was similar to that found in clinical settings in Japan as the inclusion criteria were determined according to clinical guidelines, including Japanese guidelines for the prevention and treatment of osteoporosis \[[@CR18]\].

The present study had some limitations. First, because the patients participating in the study were all of Asian ethnicity, the effects of RGB-10 in patients of other ethnic origins were unknown. However, because teriparatide meets most of the criteria for being less likely to be sensitive to intrinsic and extrinsic ethnic factors, similar efficacy and safety are expected in other populations \[[@CR25]\]. Second, because this study was not designed to compare the effect of teriparatide on the reduction of fractures between the groups, the limited duration and the number of subjects did not allow for statistical assessment of the incidence of fractures. However, given that BMD is a widely accepted surrogate marker for fractures, accounting for up to a 30--41% reduction in the risk of vertebral fractures in the case of teriparatide treatment, and in view of the highly comparable changes in BMD in the RGB-10 and reference teriparatide groups observed in our study, the two compounds are expected to be therapeutically equivalent in terms of their effect on reducing the risk of fragility fractures \[[@CR26]\].

In conclusion, the results of our study established therapeutic equivalence and comparable safety, including immunogenicity, between RGB-10 and the reference teriparatide, further substantiating the claim of biosimilarity.
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